INTRODUCTION
Allergies are a group of complex diseases characterized by an abnormal immune response or hypersensitivity to foreign but harmless substances or antigens called allergens. Most of the innocuous materials to which we are exposed to every day, such as food, pollen, dander, animal epithelia, mites etc. are unable to produce allergy. Only a very small fraction of them are able to trigger allergic responses in predispose individuals. In most cases the immune mechanism underlying the allergic reaction encompasses an adaptive Th2 type response, subsequently leading to the production of allergen specific IgE. The vast majority of allergens that are recognized specifically by both Th2 cells and IgE molecules are proteins, but we do not know why a particular protein becomes an allergen. Although most of the major allergens have limited structural or functional characteristics, for example, there seems to be an overrepresentation of proteins which are proteolytic enzymes, it is clear that none of them could be associated with the allergenicity of a protein (1) .
The simplistic view of the immune system distinguishing self from non-self has been completed in recent years by adding the concept of danger or stress. A substance must be accompanied by a signal of stress or danger that is normally recognized by the innate immune system before an adaptive response can be launched (2) . In the case of viruses or bacteria, the most usual reaction involves the activation of Th1 or Th17 cells and the subsequent production of IgG or IgA. In contrast, most allergens as well as helminths, activate Th2 cells resulting in the production of IgE (3) . The mechanisms of the innate im-mune response that promote a Th2 type activation are not completely understood, but substances acting as adjuvants can condition them. Allergy inducing substances are accompanied by non-proteinaceous elements such as carbohydrates or lipids that can promote skewing of the immune response to a Th2 profile, interestingly, among major allergens there is a high frequency of lipid-binding proteins. In this review, we will analyze the role of lipids in the development of allergies, a concept that has only recently begun to be considered.
CaN lIpIDs be "TRUe" alleRgeNs?
There are few examples describing immune adaptive recognition of lipids by the immune system, e.g. specific IgE or positive responses in skin prick test. It has been described that allergic individuals have specific IgE and positive prick cutaneous tests against phospholipids isolated from cypress pollen (4) . There are also reports suggesting that small lipids may behave as haptens capable of activating T helper lymphocytes. a-acaridial, a monoterpene small lipid from house dust mites was identified as one of the components which are able to induce delayed hypersensitivity reactions in mice (5) . Lipids found in allergenic substances are not the main target of the adaptive immune system, but they can influence the development of specific allergic reaction through different mechanisms.
lIpIDIC alleRgeNs ReCOgNIzeD by T-Cells
In the allergic immune response, the antigenic proteins are processed and presented as small peptides by the highly polymorphic MHC molecules to T-helper lymphocytes that in turn interact with B cells and facilitate their differentiation to IgE producing plasma cells. CD1 molecules are structurally very similar to MHC class I molecules, but they are largely not polymorphic (6) and instead of peptides, they present lipids or glycolipids to specialized T lymphocytes (7) . These unconventional T-cells may act as adjuvants producing an environment of Th2-realted cytokines that help to induce IgE class-switch by B-cells.
The ROle Of NKT Cells IN alleRgy CD1 proteins are lipid-presenting molecules expressed on dendritic cells (DCs), macrophages, B cells and some epithelial cells. CD1 molecules can be divided in two groups: group I encloses CD1a, b and c, and group II contains CD1d that is recognized by a subset of T lymphocytes named Natural Killer T cells (NKT cells) (8) . There are two types of NKT cells: type I NKT cells or invariant NKT cells (iNKT cells) which use an invariant TCRachain Va24 with the Ja18 joining region, which associate with Vb11-chain (9) . In the other hand Type II NKT cells recognize also lipids presented by CD1d but they use a wide diverse array of TCRs. iNKT cells are cytotoxic, and they are able to produce Th1 and Th2 cytokines in response to glycolipids from bacteria and from mammals, including self-lipids. The most potent activator of iNKT cells is a-Galactosilceramide (a-GalCer), a compound initially isolated from a marine sponge (10). Now we know that CD1d present to iNKT cells a variety of microbe-derived glycolipidic ligands, including glycosphingolipids (GSL) from Sphingomonas (11), glycodiaclyglycerols from Borrelia burgdorferi and Ehrlichia muris (12), or lipophosphoglycan from Leishmania (13) . Mammalian glycolipids such as GPI (14) , iGb3 (15) , phospholipids (PI, PC, PG and PE) (16) tumor-derived glycolipids (disialoganglioside GD3) (17) and b-d-glucopyranosylceramide (b-GlcCer) (18) have also been described to be presented to NKT cells. Because of its capacity to produce both Th1 and Th2 cytokines and to influence innate and adaptive immune responses, iNKTs are considered as regulatory T cells which can be involved in responses against infections (19) , cancer as well as in autoimmune and allergic diseases (20) . In humans, conflicting results regarding the relationship between NKT cells and allergic asthma have been published. Some reports showed high levels of iNKT cells in bronchial samples from asthmatic patients (21) (22) (23) (24) (25) . On the other hand, other studies did not observe significant differences in the numbers of iNKT cells when comparedbetween controls and patients with asthma (26) (27) (28) . A possible explanation for these discrepancies may lie in the fact that NKT cells may act only transiently to induce a long-term Th2 allergic response against proteins, as observed in a OVA-specific mouse model of asthma (29) . In addition, a number of studies performed in animal model of allergic asthma models strongly suggest a crucial function of NKT cells (29) (30) (31) (32) which may act as adjuvant to enhance Th2 inflammatory responses in the airways (33) . Lipids isolated from common allergenic substances have been demonstrated to activate NKT-cells (Table I) . We have shown that polar lipids, free fatty acids, diacylglycerols, as well as triacylglycerols isolated from pollen grains are able to specifically act on human dendritic cells (Fig. 1) activating the peroxisome proliferator activated-receptor g (PPARg)
which results in up-regulation of CD1d molecule on their cell surface and the subsequent activation of NKT cells (58) . Furthermore, the activation and up-regulation of CD1d by pollen-derived lipids also occur in other types of antigen presenting cells such as macrophages and B-cells. Interestingly, monocytes treated with pollen lipids were able to stimulate iNKT cells with no need of CD1d upregulation, suggesting that lipids from olive pollen can be (5) to develop into IgE producing plasma cells (6) . On the other hand, lipids in different forms, for example attached to lipid-carrying proteins (7), PALMS (pollen associated lipids mediators), etc. can influence the relationship between peptidic allergens and a variety of cell types, including respiratory or intestinal epithelial cells (8) or antigen-presenting cells (9) , which, by mechanism still undefined (10) , may facilitate the development of Th2-type responses. In experiments with mice, the seed storage 2S albumin as well as Ber e 1, the main allergen in Brazil nuts, were capable to induce anaphylactic antibodies, IgE and IgG1, only when it was administered together with neutral or common phospholipids extracted from Brazil nuts. Furthermore iNKT deficient mice produced lower levels of Ber e 1 IgE and IgG1 specific antibodies, whereas human CD1d-restricted T-cell lines derived from nut-allergic patients were able to produce IL-4 in response to Ber/ lipid C (36). Milk allergy can also be linked to activation of NKT cells. Milk sphingomyelin, but not egg-ceramide, are recognized by iNKT cells, inducing their proliferation and production of Th2 cytokines, especially in children with milk allergy. On the other hand, it has been observed that children with milk allergies have lower numbers of iNKTs in their peripheral blood and that they have a higher Th2 response to aGalcer and milk sphingomyelin than healthy individuals (37) . Similar observations were made in children with eosinophilic esophagitis (38) .
OTheRs UNCONveNTIONal T-Cells IN alleRgIC RespONses
Beside the role of NKT cells, other types of CD1 restricted T-cells capable to recognize lipids haven been linked to allergic responses in human patients. Activations of CD1a and CD1d-restricted TCRab+ and TCRgd+ T-cells that specifically recognize phospholipids (PLs) from cypress pollen have been described in allergic patients (4 (40), described elevated and cross-responsive CD1a-reactive T cellsamong bee and wasp venom allergic individuals suggesting common components of allergenicity in both species. In summary, unconventional T cells recognizing lipids or glycolipids presented by CD1 molecules play important roles in allergic reaction. They use receptors formed by somatic recombination, as do their partners, the conventional T cells, however they can be considered as innate or innate-like cells because they recognize a limited number of antigens, they use a much more restricted TCR repertoire and probably do not develop memory features like conventional T-cells. However, their T-cell characteristics, including their plasticity and ability to regulate and deviate Th1, Th2 and Th17 responses, make unconventional T-cells very interesting therapeutic targets in order to reverse or treat allergic diseases.
lIpIDs INTeRaCTINg wITh The INNaTe ImmUNe sysTem
Besides being recognized directly by the adaptive players of the immune response (B-cells or T-cells), lipids may influence the development of allergic process through interaction with the components of innate immune system. These kind of interactions could explain why some proteins are more allergenic than others influencing the way they engage with the host or contributing to the development of a determined cytokine pattern, such as IL-4, IL-5 and IL-13, essentials for triggering Th2 reactions (41) .
Lipids may be directly bound to protein allergens or being associated with them in allergenic substances such as pollen. In addition, most of the plant pollen contain bacteria (which bear lipids), and other Pollen Associated Lipid Mediators (PALMS) that can activate innate immune cells, influence TLR signaling, APC maturation and cytokine profile production.
pOlleN assOCIaTeD lIpIDs meDIaTORs (palms)
When exposed to water, pollen grains are able to release a number of lipids named pollen-associated lipid mediators (PALMs) which are homologous to eicosanoids, and that can act as adjuvants enhancing the inflammatory responses (Table II) (Fig. 1) . A group of PALMS show homology with leukotriene B4 and are able to induce chemotaxis and activation of human neutrophils and eosinophils, in a way that is independent of the sensitization status of the donors (42) (43) (44) . Another group of PALMS are phytoprostanes, such as Pollen-derived Phytoprostanes E1 (PPE1) which show homology to prostaglandin E2 (45) and that are able to inhibit the capacity of DCs to induce Th1 responses, dampening production of IL-12 and Th1-type cytokines (46) while increasing the ability of DCs to cause Th2 cell differentiation and attraction (47, 48) . Phytoprostanes are also capable to interfere with the LPS induced Th1 response of mouse DCs, by inhibiting the IL-6, IL-12 and TNF-a secretion (49) .
lIpIDs eNgagINg TOll lIKe ReCepTORs (TlRs)
TLRs are critical players in the innate immune responses that recognized conserved structures such as PAMPs (pathogen-associated molecular patterns) present in microbes, which can be important in allergy development (50, 51) . TLR signaling can enhance both Th1 and Th2 responses. TLR ligands are proteins as well as no proteinaceous ligands like DNA or lipidic molecules. Lipopolysaccharide (LPS) or endotoxin, is found in the membrane of Gram-negative bacteria that binds to TLR4. Exposure to high doses of LPS generally induces Th1 responses, protecting against allergy development, while inhalation of low doses together with the respective allergen favor a Th2 environment and lung inflammation through TLR4 (43, 52) .
The adjuvant activity provided by allergen-associated lipids is common to different allergenic proteins through TLR activation by different mechanisms. Secretoglobins, (small secretory proteins) like cat Fel d 1 or dog lipocalin Can f 6, bind LPS and are able to amplify LPS/TLR signaling (53) . The structure of Der p2 a major dust mite allergen, is similar to MD-2, the LPS-binding co-receptor that promotes signaling of TLR4, and it is involved Th2 driven inflammatory responses as revealed in experimental allergic asthma by challenge with Der p2 (51) . TLR2 and TLR4 can be activated by lipids (palmitic, oleic, or stearic acids) associated to the cockroach allergen Bla g 1, directing the immune response to allergy (54) .
Extracts from ryegrass pollen has highly variable LPS contents, as well as TLR-2 and TLR-9 ligands, which are capable to increase Th1 and Th2 effector cell while decrease regulatory T-cells induction in PBMC (Peripheral Blood Mononuclear Cells) responses of allergic and nonatopic subject (55) .
lIpIDs mODUlaTe The DIffeReNTIaTION, maTURaTION OR aCTIvaTION Of INNaTe ImmUNe Cells
Supernatants containing microbial lipids of gram-positive Bacillus cereus and Bacillus subtilis present on timothy pollen grains augmented the maturation of monocytederived immature DCsand inflammatory Th1, Th2 and Th17 responses in donors with grass pollen allergy suggesting that may serve as adjuvants by augmenting DC maturation (56) . Aqueous birch pollen extracts, contain- ing PALMS, are able to increase the expression of the CXCR4 chemokine receptor and the reduction of CCR1 and CCR5 expression on immature DCs. They also reduce the levels of Th1 chemokines such as CXCL10, CCL5 and CCL22 chemokines in LPS matured DCs (48) .
Lipids from olive pollen activate human dendritic cells inducing PPAR-g activation which results in CD1d upregulation on the cell surface allowing recognition of NKT-cells (57) . Furthermore, inside the cell, the lipids enclose the antigen in lipid vesicles that target early endosomes, enhancing the antigen processing and presentation and the subsequent response of T lymphocytes (58) .
lIpID bINDINg alleRgeNs
Proteolytic activity has been proposed to be a functional property of many allergenic proteins, however, specific lipid binding capacity is far more commonly found among major allergens. Allergen-lipid complex occur in many animal and plant food allergens and these lipids include mostly triacylglycerols, phospholipids and cholesteryl ester. Several protein families share these characteristic, including allergens, such as Bet v 1-like proteins (the major allergen of birch pollen), nonspecific lipid transfer proteins (nsLTPs), a family of pan-allergens expressed throughout the plant kingdom, secretoglobins, lipocalins, oleosins, 2S albumins, and mite group 2, 5, and 7 proteins (59-62). The lipids that accompany those proteins could modify Th2 responses, either by promoting the development of an IgE dominated response, for example: Fel d 1 or Pru p 3, or inhibiting them, as it is the case of Bet v 1 (63) , however the mechanisms underlying these observations are largely unknown.
lIpID CaRgO may affeCT alleRgeNICITy
There are several examples suggesting a potentially differential immune function of allergenic proteins depending on their loading status. Lipocalins are the most important mammal-derived respiratory allergens, found in dander, salive and urine from cat, dog, horse, and mouse. Some of them display a high sequence similarity between different species, and constitute a group of potentially crossreactive molecules which may contribute to allergic crossreactions between species, including humans (64). They usually carry lipids or other hydrophobic compounds such as steroids, hormones vitamins, cofactors, and odorants that may be key for the biological functions of the lipocalin and other allergens (65) . It has been shown that the lipocalin Bos d 5, the major cow's milk allergen, in its loaded form harbors immune-suppressive functions, and it is able to induce regulatory T cells. In contrast, in the empty status it is able to direct the response toward Th2 allergic response, interfering with regulatory proteins like human lipocalin homologue (LCN2) (66) . Similarly, the pollen allergen Bet v 1 has been found to be structurally related to human lipocalin-2, and it is able to skew the immune system depending also on its loading status. The natural ligand of the main Bet v1 isoform is the glycosylated flavonoid quercetin-3-o-sophoroside, this glycolipid molecule might be released in contact with lipids membranes, where it could participate in transduction process and change the conformation of Bet v 1, mounting an allergic Th2 response (67) . However, when applied in a complex with iron-siderophore (quercetin can bind iron molecules), Bet v 1 Th2-skewing potential is inhibited (63) . The non-specific lipid transfer proteins (nsLTPs) family, includes aeroallergens, such as Par j 8 from Parietaria Judaica and olive Ole e 7, several important food allergens, like peach (Pru p 3), tree nuts like chestnut (Cas s 8), vegetables and cereals or the skin sensitizer Hev b 12 from latex and pollen (68) . The binding of nsLTPS to different types of lipids, including fatty acids, phospholipids, glycolipids and prostaglandin B, could contribute to the activation of innate immune cells, and enhance an IgE dominant response (69) . There are allergens, like the 2S albumin from Brazil nut, Ber e 1 or Oleosins, (from hazelnut, olive fruit, peanut, sesame and soybean,) which have a hydrophobic cavity with potential capacity to bind lipids which is similar in size to that observed in nsLTPs (70) (71) (72) . Oil bodies of oil seeds have also protein-lipid complexes which can influence allergenicity. This is the case of Sin a 2 and Ara h 1, mustard and peanut allergens which bind lipids that may be important to induce allergic responses against their protein components (73).
In the other hand, some treatments of allergens can affect their lipid content. Due to their high polyunsaturated fatty acid content peanuts suffer lipid oxidation,during storage or roasting. Allergenicity could change if new protein-lipid complexes or changes in protein structures occur when the lipid hidroperoxides formed attack the proteins (74) .
lIpIDs may INflUeNCe The INTeRaCTIONs beTweeN pOTeNTIal alleRgeNs aND The epIThelIal baRRIeR Of RespIRaTORy aND INTesTINal mUCOsa
Lipids can interfere the relationship between the epithelium barrier and the potential allergenic proteins in a wide variety of forms (Fig. 1) . The allergen contact with immunocompetent cells under the epithelium may be facilitated by the lipids transported by nSLTPs, enhancing their transfer between membranes (75, 76) . For example, the formation of lipid rafts and caveolas that allow endocytosis in epithelial cells of Prup p3, an nSLTP from peach. In addition, the reduction of Th2 cytokines of hypoallergenic peach nSLTP, compared to Prup p3 is associated with a lower transport capacity of the former (77) . Der p2, may be internalized by the human airway epithelium and potentiate the airway inflammation because of its similar structure and function with the myeloid 2 differentiation protein (MD2), a TLR receptor signaling protein (78) . Other proteins also bind lipids and can be associated with lipid membranes such as Bet v1-like family (79) .
Peanuts contain significant amount of triglycerides, and Li et al. (80) , showed that allergic sensitization and anaphylaxis to oral co-administered peanut proteins in mice could be initiated by medium-chain but not long chain triglycerides (LCT). The lipids may affect absorption into blood by stimulating absorption into Peyer patches and secretion of jejunal-epithelial thymic stromal lymphopoietin, interleukin IL25 and IL33 and promoting a Th2 cytokine response.
Digestion provides additional lipids that can protect allergens, and new protein lipid complexes can be formed in the gut when lipids such as bile acids, cholesterol and phosphatidylcholine are mixed mainly by peristalsis for emulsification (81) . Phosphatidylcholine (PC) or lecithin, the main component of cell membranes, is a phospholipid produced in the liver and secreted in the bile. It has been shown that secondary structure of cherry, apple or hazelnut allergens homologous of Bet v1 can be changed when PC emulsifies the fat of the diet. Increased production of histamine or local skin inflammation also increases due to the protective effect of PC, decreasing the action of the duodenal enzymes on grape nSLTPs (82, 83) . PC also protects milk allergens like a-lactalbumin and b-lactoglobulin (Bos d5), the major mammalian milk allergen (belonging to the lipocalin protein family), and the induction of IgE and IgG is only possible by native, but not digested blactoglobulin (84) .
Lipids can also inhibit the capacity to induce allergic responses against proteins. An example of this is the ability of the bacterial lipopolysaccharide (LPS) to protect against allergy induction against the house dust mite (HDM). It has recently been reported (85) that chronic exposure of LPS protects mice of asthma induced by HDM. The authors showed that LPS induces the expression of A20, a regulator of NF-kB activity, in the respiratory epithelial cells. This results in a decrease of DC activating cytokines secreted by epithelial cells which translates in a suppression of the Th2 response to HDM. In summary, a large fraction of allergenic proteins recognized by IgE bind lipids of different nature that can influence the immune response potentiating Th2 type reactions by mechanisms not yet clarified. In addition, allergens come very often together with lipids contained in pollen, epithelia, dander, food or even bacteria associated to them. These lipids can act on cells of the innate system, including dendritic cells, which in turn lead to the differentiation of Th2-type clones recognizing peptides from the allergenic proteins. Those lipids are also able to influence the ability of allergens to come into contact with the immune system of the oral, respiratory or intestinal mucosa where allergic type response occurs with great frequency. Increasing the knowledge of the different substances and mechanisms that influence the allergenicity of a protein will result in development of better approaches to treat or prevent allergic diseases. 
